We have observed the IRDC G028.23-00.19 at 3.3 mm using CARMA. In its center, the IRDC hosts one of the most massive (∼1520 M ) quiescent, cold (12 K) clumps known (MM1). The low temperature, high NH 2 D abundance, narrow molecular linewidths, and absence of embedded IR sources (from 3.6 to 70 µm) indicate that the clump is likely prestellar. Strong SiO emission with broad linewidths (6-9 km s −1 ) and high abundances (0.8-4 × 10 −9 ) is detected in the northern and southern regions of the IRDC, unassociated with MM1. We suggest that SiO is released to the gas phase from the dust grains through shocks produced by outflows from undetected intermediate-mass stars or clusters of low-mass stars deeply embedded in the IRDC. A weaker SiO component with narrow linewidths (∼2 km s −1 ) and low abundances (4.3 × 10 −11 ) is detected in the center-west region, consistent with either a "subcloud-subcloud" collision or an unresolved population of a few low-mass stars. We report widespread CH 3 OH emission throughout the whole IRDC and the first detection of extended narrow methanol emission (∼2 km s −1 ) in a cold, massive prestellar clump (MM1). We suggest that the most likely mechanism releasing methanol into the gas phase in such a cold region is the exothermicity of grain-surface reactions. HN 13 C reveals that the IRDC is actually composed of two distinct substructures ("subclouds") separated in velocity space by ∼1.4 km s −1 . The narrow SiO component arises where the subclouds overlap. The spatial distribution of C 2 H resembles that of NH 2 D, which suggests that C 2 H also traces cold gas in this IRDC.
INTRODUCTION
High-mass stars play a key role in the evolution of the energetics and chemistry of molecular clouds and galaxies. However, our knowledge of their formation is still poor, compared with that of low-mass stars. There are several factors that make the study of high-mass star formation more challenging than that of their lowmass counterparts. High-mass stars are rare and evolve quickly. Massive star-forming regions in the earliest stages of evolution are mostly located at large distances ( 3 kpc) and are heavily extincted by dust. The earliest well-understood phase of high-mass star formation are the hot molecular cores (HMCs, e.g., Garay & Lizano 1999) . However, at this stage, the high-mass stars have already begun burning hydrogen and reached the zeroage main sequence (ZAMS), disturbing and changing the kinematics and chemistry of the initially starless cocoon.
Prestellar cores represent the earliest stage of star formation. These starless cores are formed by dense, centrally-concentrated parcels of gravitationally bound gas (e.g., André et al. 2009) . Prestellar cores will eventually collapse and evolve to form stars. The prestellar phase in high-mass star formation has been very diffi-cult to find. Initially, large infrared/millimeter surveys had poor angular resolution and sensitivity, producing a bias toward bright, evolved objects and a misidentification of starless candidates. However, with the advent of new space telescopes, such as Spitzer and Herschel, and submillimeter Galactic plane surveys, it has been possible to study in detail the best candidates for dense regions which will eventually form massive stars, the socalled Infrared Dark Clouds (IRDCs). IRDCs appear as dark silhouettes against the Galactic mid-infrared background. Galactic plane surveys revealed thousands of IRDCs (ISO, Perault et al. 1996; MSX, Egan et al. 1998 , Simon et al. 2006a Spitzer, Peretto & Fuller 2009 , Kim et al. 2010 . The first studies characterizing them suggested that they were cold (<25 K), massive (∼10 2 -10 4 M ), and dense ( 10 5 cm −3 ) molecular clouds with high column densities (∼10 23 cm −2 ) (Carey et al. 1998 (Carey et al. , 2000 . More recent studies on IRDC clumps 6 show that they have typical masses of ∼120 M , sizes of ∼0.5 pc , dust temperatures that range between 16 and 52 K, and luminosities that range from ∼10 to 5 × 10 4 L (Rathborne et al. 2010) . NH 3 rotational temperatures are typically lower than dust temperatures and range from ∼10-20 K Sakai et al. 2008; Devine et al. 2011; Ragan et al. 2011) .
Evidence of active high-mass star formation in IRDCs is inferred by the presence of ultracompact (UC) H ii re-6 Throughout this paper, we use the term "clump" to refer to a dense object within an IRDC with a size of the order ∼0.1-1 pc and a mass ∼10 2 -10 3 M . We use the term "core" to describe a compact, dense object within a clump with a size ∼0.01-0.1 pc and a mass ∼1-10 2 M . gions (Battersby et al. 2010) , hot cores (Rathborne et al. 2008) , embedded 24 µm sources (Chambers et al. 2009 ), molecular outflows (Sanhueza et al. 2010; Wang et al. 2011) , or maser emission (Wang et al. 2006; Chambers et al. 2009 ). IRDCs also host massive, cold IR-dark clumps that show similar physical properties to those clumps that host active high-mass star formation, except that the temperature and luminosity are lower. These characteristics suggest that massive, cold IR-dark clumps will form high-mass stars in the future. These objects are the best candidates for the most elusive and earliest phase of high-mass star formation, the "prestellar" or "starless" phase.
Although several studies have focused on IRDCs, the number of studies on starless candidates is small (e.g., Pillai et al. 2011) . Zhang et al. (2009) studied in detail an IR quiescent clump, apparently starless, resolving it into 5 cores at 1.3 mm with SMA. However, new SMA observations at 0.88 mm obtained by Wang et al. (2011) show that all cores are associated with molecular outflows. This suggests that this clump is in fact forming stars which have entered the accretion phase. Thus, it is crucial to evaluate the prestellar nature of a core/clump by using interferometric observations of molecular lines, and their starless nature should not be asserted just by the lack of a detection in the IR.
Little is known about the chemistry of IRDCs. A few works have focused on molecular lines surveys of several IRDCs (Sakai et al. 2008 (Sakai et al. , 2010 Vasyunina et al. 2011; Sanhueza et al. 2012 ). For instance, Sanhueza et al. (2012) find chemical variations between different evolutionary stages using a set of 10 different molecular lines at 3.3 mm. However, most of the effort related to chemistry in IRDCs has been focused on deuteration. Recent findings suggest that the deuterium fraction in high-mass star-forming regions resembles that seen in low-mass star-forming regions after the stars turn on, decreasing with time as the clumps evolve to warmer temperatures (Chen et al. 2011; Miettinen et al. 2011; Fontani et al. 2011; Sakai et al. 2012; Pineda & Teixeira 2013) .
The internal kinematic structure of IRDCs has not yet been explored in depth. In two examples, IRDC G019.30+0.07 (Devine et al. 2011 ) and IRDC G035.39-00.33 (Jiménez-Serra et al. 2010; Henshaw et al. 2013) , both IRDCs are composed of a few slightly different velocity components or "subclouds". It is still unclear what role these subclouds play in the earliest stages of highmass star formation.
From the studies of Rathborne et al. (2010) and Sanhueza et al. (2012) , we have identified an excellent candidate to study the initial conditions of massive star formation. As seen in Figure 1 , IRDC G028.23-00.19 appears to be in a very early stage of evolution because it is dark at Spitzer/IRAC 3.6, 4.5 and 8.0 µm (Benjamin et al. 2003) , Spitzer/MIPS 24 µm (Carey et al. 2009) , and Herschel/PACS 70 µm (Molinari et al. 2010) , except for a bright unrelated IR source superimposed against the northern part of the cloud. This source is an OH/IR star (Bowers & Knapp 1989) , and is not a protostar. This foreground low-mass star, in a very late stage of evolution, is not associated with the IRDC. Indeed, its V lsr is ∼52 km s −1 , whereas for IRDC G028.23-00.19 it is 80 km s −1 . Located in the center of the IRDC, the clump MM1 is one of the most massive, IR-quiescent clumps known, with a mass of ∼640 M , as determined from 1.2 mm continuum emission (Rathborne et al. 2010 ) at a kinematical distance of 5.1 kpc (Sanhueza et al. 2012) . By fitting the spectral energy distribution (SED), Rathborne et al. (2010) determined for MM1 a dust temperature of 22 K. Using the Mopra telescope (38 ), Sanhueza et al. (2012) detected weak molecular line emission of N 2 H + , HNC and HCO + J = 1 → 0 toward this clump, consistent with cold gas. Battersby et al. (2010) observed this IRDC in 3.6 cm continuum emission with the VLA at 2-3 angular resolution and found no H ii regions associated with the cloud at σ rms = 0.01 mJy beam −1 , which corresponds to a spectral type of B3 or later (Jackson & Note. -Rest frequencies and upper energy levels were adopted from the Splatalogue database (JPL, Pickett et al. 1998; CDMS, Müller et al. 2001 , except for N2H + frequencies which are from Daniel et al. (2006) . To probe the chemistry, the internal structure, and the kinematics of IRDCs, interferometric observations are critical. In this paper, we present observations of IRDC G028.23-00.19 in 9 different molecular lines obtained with CARMA. We aim to study the chemistry and internal structure of a massive star-forming region in a very early stage of evolution and test the starless nature of the cloud and, in particular, the clump MM1. This is the first study that explores the behavior of NH 2 D, H 13 CO + , SiO, HN 13 C, C 2 H, HCO + , HNC, N 2 H + , and CH 3 OH at ∼11 angular resolution, studying both the chemistry and the structure of multiple subclouds traced by distinct, close velocity components ( 2 km s −1 ) in a massive star-forming region that, apparently, has not yet formed high-mass stars.
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OBSERVATIONS
Observations were carried out with the Combined Array for Research in Millimeter-wave Astronomy (CARMA), a 15-element interferometer consisting of nine 6.1 m and six 10.4 m antennas, during the CARMA Summer School 2011 July 27 in the compact E configuration. The projected baselines range from 8 to 66 m. The CARMA correlator has eight bands, each with an upper and lower sideband. One band was configured to have a bandwidth of 487.5 MHz, resulting in a total bandwidth of ∼1 GHz by including both sidebands, to observe continuum emission at 3.3 mm for calibration (91.878 GHz). The remaining seven bands were used to observe 9 different molecular species ( The data were reduced and imaged in a standard way using MIRIAD software. We used the quasar 1743-038 as a phase calibrator, the quasar 1751+096 as a bandpass calibrator, and Neptune as a flux calibrator. The uncertainty in the absolute flux is about 15%.
3. RESULTS Figure 1 shows the Spitzer/IRAC 3.6, 4.5 and 8.0 µm image (left), Spitzer/MIPS 24 µm image (center), and Herschel/PACS 70 µm image (right) overlaid with contours of the 1.2 continuum emission (11 angular resolution). As can be seen from the IR images, the IRDC is completely dark, except for the foreground OH/IR star superimposed against the northern part of the cloud. The 1.2 mm continuum emission, from the IRAM 30 m telescope , matches the morphology of the IR extinction well. The massive clump MM1 is located at the center of the cloud. Figure 2 shows the 3.3 mm continuum emission and integrated intensity maps of N 2 H + J = 1 → 0, H 13 CO + J = 1 → 0, and HN 13 C J = 1 → 0 in images and color contours (ranges of integration are given in the figure caption). For N 2 H + , the transition with the lowest optical depth, the isolated hyperfine component JF 1 F = 101 → 012, was used. White contours are the 1.2 mm continuum emission from IRAM telescope. The 3.3 mm continuum emission from CARMA is more compact than the 1.2 mm emission. This is probably due to the low 3.3 mm flux at 12 K (see Section 4.1), the low sensitivity arising from using only ∼1 GHz of continuum bandwidth, and because the interferometer may be missing extended flux. In fact, comparing the measured flux at 3.3 mm with the expected 3.3 mm flux from the SED fitting done in Section 4.1, we estimate that the interferometer is only recovering about 40% of the total flux. NH 2 D, C 2 H, SiO, and CH 3 OH emission, we suggest that zero-spacing problems are not important in these line observations and we recover most of the flux with the interferometer. On the other hand, using the Mopra single-pointing observations from Sanhueza et al. (2012) , we estimate that ∼30% of the HCO + and HNC flux is recovered by the interferometer. HCO + and HNC integrated intensity maps are not presented here because their emission is substantially resolved out. Therefore, the distribution of these molecules is not discussed in the paper. Figure 3 shows the integrated intensity maps of NH 2 D J = 1 → 1, C 2 H J = 1 → 0, SiO J = 2 → 1, and CH 3 OH J = 2 → 1 in images and color contours (ranges of integration are given in the figure caption). For NH 2 D, the main component J Ka,Kc = 1 1,1 → 1 0,1 was used. A velocity range including all three transitions was used for CH 3 OH. The emission of NH 2 D and C 2 H is compact and is mostly located in the densest part of the IRDC, the MM1 clump. As discussed in Section 4.4, the enhancement of these molecules is likely due to cold prestellar gas-phase chemistry. Emission from SiO and CH 3 OH is highly unexpected because of the absence of IR signs of star formation (as discussed in more depth in Section 4.3). The SiO emission is located in the northern and southern regions of the IRDC, and it seems to be unassociated with the MM1 clump. An additional weak SiO component is located in the center-west part of the cloud. The CH 3 OH emission is widespread over the full IRDC. Line center velocities, line widths, and intensity of the lines were determined by fitting Gaussian profiles. Molecular lines that show hyperfine structures were fitted using a multi-Gaussian function, with fixed frequency separation between hyperfine transitions. Gaussian fit parameters of molecular lines, in selected positions, are shown in Table 2 .
Multiple velocity components along a line of sight are not unusual in star-forming regions. However, it is not easy to separate two velocity components with a small offset of 2 km s −1 in massive star-forming regions. In general, these kind of regions have line widths of 3-4 km s −1 (e.g., Hoq et al. 2013) . Two close velocity components can be separated only when the line emission have narrow profiles and both components are not fully blended. This can be done in regions containing quiescent gas and using high-density tracers. Following the discussion of Devine et al. (2011) , we will refer to the structures defined by close velocity components as "subclouds". HN 13 C J = 1 → 0 and C 2 H J = 1 → 0 show double-line profiles in the center-west part of the IRDC. The double-line profiles are actually two close velocity components separated by ∼2 km s −1 . Each individual component can be traced continuously from the overlapping region of the subclouds, where we see the doubleline profiles, to regions where only one of the components is seen. Two velocity components are also seen in H 13 CO + , N 2 H + , and CH 3 OH; however, because these molecules have broader line emission, both components are blended. Figure 4 shows the HN 13 C center velocity map of each component obtained by fitting Gaussian profiles to the spectra. The map shows two spatially coherent structures. The blueshifted subcloud is mostly located in the southern-central part of the IRDC and has an average central velocity of 79.3 km s −1 . The redshifted subcloud is mostly located in the northern-central region of the IRDC and has an average central velocity of 80.7 km s −1 . The velocity difference between subclouds is therefore ∼1.4 km s −1 , similar to those found in other IRDCs, such as G019.30+0.07 or G035.39-00.33 (<2 km s −1 ; see Devine et al. 2011; Henshaw et al. 2013) . The massive MM1 clump is associated with the blueshifted subcloud. NH 2 D emission is only detected in the blueshifted subcloud, while the narrow SiO component (described in the next paragraph) is only detected in the redshifted subcloud. All other lines are detected in both substructures. Figure 5 shows line width and center velocity maps of SiO across the full IRDC and spectra of SiO and CH 3 OH in selected positions. Because in several positions over the IRDC the CH 3 OH transitions are blended, Gaussian fits can not be performed for all methanol spectra and thus the line width and center velocity maps are not useful. The line width map of the SiO line reveals the presence of two distinct SiO components defined by having different line widths and being located in different positions. The first SiO component has narrow line widths, ∼2 km s −1 , and peaks at the redshifted velocity component. It is also located in the center-west part of the IRDC, at about the same position where the subclouds overlap (see right pannel in Figure 5 ). The second SiO component has broader line widths, 6 km s −1 , and is located in the southern and northern regions of the IRDC. CH 3 OH emission is also broad in the same positions where SiO displays broad line profiles. Figure 5 also displays the SiO and CH 3 OH spectra at the center position of MM1. As expected for quiescent molecular gas (Martin-Pintado et al. 1992; Requena-Torres et al. 2007) , the SiO emission is not detected at this position. The CH 3 OH J K = 2 −1 → 1 −1 E and J K = 2 0 → 1 0 A transitions (E u /k of 12.6 and 7.0 K, respectively) are bright and are not blended. The higher-excitation CH 3 OH J K = 2 0 → 1 0 E transition (E u /k = 20.1 K) is barely detected at 3σ level. 4. DISCUSSION 4.1. Dust temperature, H 2 column density, and mass determination Taking advantage of the new Herschel Hi-GAL Survey (Molinari et al. 2010) , we derive the dust temperature for MM1 by using the emission detected at 250, 350, and 500 µm, and the 1.2 mm emission from IRAM 30 m . We exclude from the analysis the 70 and 160 µm emission maps. At 70 µm the IRDC is seen in absorption and at 160 µm the emission from the IRDC is indistinguishable from the background/foreground emission.
After convolving the 250 µm, 350 µm, and 1.2 mm maps to the angular resolution of the 500 µm map (35.1 ), we subtract an extended component from the Herschel maps that represents the contribution from the background and foreground diffuse emission. Then, we fit the fluxes measured at the peak position of MM1 by using a single temperature emission model, assuming optically thin emission, and dust opacities (κ ν ) for dust grains with thin ice mantles coagulated at 10 5 cm −3 from Ossenkopf & Henning (1994) . We defer the detailed description of the extended emission subtraction algorithm and the fitting procedure to an upcoming paper (Guzmán et al., in prep.) . Using the measured fluxes at 250 µm (150.0 MJy ster −1 ), 350 µm (610.8 MJy ster −1 ), 500 µm (313.9 MJy ster −1 ), and 1.2 mmm (19.5 MJy ster −1 ), we determine a dust temperature (T dust ) of 12 ± 2 K. We suggest that the main difference with the temperature of 22 K determined by Rathborne et al. (2010) is that they use a low value for the dust emissivity index (β=1) and use the potentially optically thick Spitzer 85 and 95 µm emission in fitting the spectral energy distribution. The new dust temperature is more consistent with the CH 3 OH temperature we determine by using the rotational diagram technique in Section 4.2 (12 K) and the NH 3 temperature (8 K) recently determined by Chira et al. (2013) .
To calculate the H 2 column density and mass from the 1.2 mm continuum, we used the same procedure of Rathborne et al. (2006) , assuming a gas-to-dust mass ratio of 100 and adopting for the dust opacity (κ 1.2 mm ) a value of 1.0 cm 2 g −1 .
Computed column densities at a given position are shown in Table 3 . For the mass, we use the same integrated flux measure by Rathborne et al. (2010) (1.63 Jy) and the distance determined by Sanhueza et al. (2012) (5.1 kpc) . We obtain a mass of 1520 M for the clump MM1.
Molecular column densities and abundances
Assuming local thermodynamic equilibrium (LTE) conditions, beam-averaged column densities of SiO, H 13 CO + , HN 13 C, C 2 H, and N 2 H + were calculated using the description of Sanhueza et al. (2012) . Sanhueza et al. (2012) 4.5(0.6) × 10 13 3.9(1.4) × 10 22 1.2(0.5) × 10 −9 MM1 HNC 5.7(0.9) × 10 13 3.9(1.4) × 10 22 1.5(0.6) × 10 −9 MM1 C 2 H 1.6(0.4) × 10 13 3.9(1.4) × 10 22 4.1(1.8) × 10 −10 MM1 N 2 H + 1.7(0.2) × 10 13 3.9(1.4) × 10 22 4.3(1.6) × 10 −10 MM1 CH 3 OH 1.1(0.1) × 10 14 3.9(1.4) × 10 22 2.7(1.0) × 10 −9 MM1 SiO 6.7(1.6) × 10 11 1.6(0.5) × 10 22 4.3(1.8) × 10 −11 Center-West 6.8(0.6) × 10 12 1.8(0.7) × 10 21 3.8(1.4) × 10 −9 South 8.1(1.2) × 10 12 1.1(0.4) × 10 22 7.5(2.7) × 10 −10 North tation temperature (T ex ) equal to the dust temperature determined in Section 4.1 (12 K). For NH 2 D, the optical depth of the main hyperfine component (τ m ) was calculated from the ratio between the observed main beam brightness temperatures of the main component (T mbm ) and the brightest satellite (T mbs ), using the following relation (e.g., Sanhueza et al. 2012) 1 − e
where we have used that the opacity ratio (r) between the main (τ m ) and satellite (τ s ) lines is r=τ m /τ s =3, which depends only on the transition moments. We obtained an optical depth of 0.7 for the main hyperfine component. In LTE conditions (T ex =T dust ), the column density is given by (e.g., Garden et al. 1991; Sanhueza et al. 2012 )
where τ ν is the optical depth of the line, g u is the statistical weight of the upper level, A ul is the Einstein coefficient for spontaneous emission, E l is the energy of the lower state, Q rot = 3.899 + 0.751 T
3/2 ex
is the partition function for NH 2 D (Busquet et al. 2010) , ν is the transition frequency, and R = 1/2 is the relative intensity of the main hyperfine transition with respect to the others. R is only relevant for hyperfine transitions because it takes into account the satellite lines correcting by their relative opacities. It is equal to 1.0 for transitions without hyperfine structure. The values of g u , A ul , and E l are given in Table 4 . The beam-averaged column density is obtained by multiplying N by the filling factor, f . The filling factor can be found from
where J(T ) is given by
The derived NH 2 D column density and filling factor are 6.2×10 14 cm −2 and 0.08, resulting in a beam-averaged column density of 5.2×10
13 cm −2 in MM1. The CH 3 OH column density (N ) was obtained by using the rotational diagram technique in the most general form (e.g., Girart et al. 2002) . Assuming that all rotational levels are populated with the same excitation temperature (LTE), we have
with Q rot = 1.2327 T 1.5 (the rotational partition function for CH 3 OH) and I equal to
where g K and g I are the K−level and nuclear spin degeneracies, µ is the electric dipole moment of the molecule, and S is the line strength. C T and F T are defined as
.
The optical depth of the line is given by
where E u is the energy of the upper state and ∆v is the line width. Values for g K , g I , and µ 2 S are given in Table 4 . A detailed description and derivation of the equations used in the rotational diagram technique are presented in Silva & Zhang (2013, in preparation) .
Equation (5) is frequently used without the C T and F T terms, assuming that τ 1 and T ex T bg . However, in the cold clump MM1 these assumptions may not be valid. An additional condition for cold gas is that the E/A abundance ratio is expected to be 0.69 at low temperatures (∼10 K). This is because the ground state of Emethanol is 7.9 K above the ground state of A-methanol, which results in an overabundance of A-methanol at low temperatures (Friberg et al. 1988; Wirström et al. 2011) . Thus, the integrated intensity of the transition J K = 2 0 → 1 0 A was weighted by 0.69. Assuming that f (filling factor) equals 1.0, the remaining free parameters in Equation (5) are the beam-averaged column density and the rotational temperature of CH 3 OH. By fitting the calculated integrated intensities, from Equation (5), to the observed integrated intensities of the three different methanol transitions, we can find the best solution for the beam-averaged column density and the rotational temperature. The fitting procedure was carried out in IDL using the MPFITFUN package (Markwardt 2009 ). At the peak position of MM1, the obtained beamaveraged column density and rotational temperature are 1.1 × 10 14 cm −2 and 12 K. The optical depth for the transition J K = 2 0 → 1 0 A is 0.1.
To estimate the molecular abundances with respect to H 2 , we take the ratio between the column density of a given molecule and the H 2 column density derived from the 1.2 mm dust continuum emission. We use the 1.2 mm continuum for deriving the H 2 column density, rather the 3.3 mm continuum, because the emission is more extended, more closely matches the spatial extent of the molecular line emission, and is detected in the regions of interest (for example, where SiO is detected). Column densities and abundances for all molecules were calculated for the peak positions of NH 2 D (center of MM1 clump). Additional SiO column densities and abundances were calculated for the positions marked in Figure 5 ("North," "Center-west," and "South").
Uncertainties from the line fitting and dust temperature will propagate to the derived column densities and abundances. At the end, uncertainties in the molecular abundances range between ∼35% and ∼50%. All calculated column densities and abundances with their respective uncertainties are summarized in Table 3 . SiO is heavily depleted onto dust grains in quiescent regions while it is enhanced in active regions with shocked gas (Martin-Pintado et al. 1992; Schilke et al. 1997; Caselli et al. 1997) . The sputtering and/or grain destruction by shock waves injects Si atoms that are rapidly oxidized into SiO and/or Si-bearing species that subsequently form SiO molecules in the gas phase. In the quiescent gas of dark clouds (in low-mass star-forming regions) the SiO abundance has an upper limit of 10 −12 (e.g., Jiménez-Serra et al. 2005; Requena-Torres et al. 2007) , as expected if the ambient gas has not been significantly affected by ejection of material from dust grains. On the other hand, in regions with active star formation that have molecular outflows, the SiO abundance in the high-velocity gas can be up to 10 6 times higher than in the quiescent gas (e.g. in L1448, Martin-Pintado et al. 1992) . The large variations of SiO abundances make this molecule a powerful tracer of shocks. In IRDCs, SiO abundances range from 0.1-1 × 10 −9 (Sanhueza et al. 2012; Vasyunina et al. 2011) . Because IRDC G028.23-00.19 appears to lack embedded IR sources that can drive molecular outflows and produce shocks, the detection of SiO is highly unexpected.
The SiO emission in IRDC G028.23-00.19 comprises two different components with different kinematics and spatial distribution. This suggests that the shocks responsible for releasing SiO and/or Si-bearing species to the gas phase may have two different origins. The SiO component with broad line widths, located in the southern and northern regions of the IRDC, could be produced by molecular outflows of intermediate-mass stars or clusters of low-mass stars, while the SiO component with narrow line widths, located in center-west part of the IRDC, could be produced by the collision of the subclouds or by the outflows of a few low-mass stars. In the following paragraphs, we develop the idea of SiO having different origin in different regions of the IRDC.
In the southern and northern regions, line widths are 6 km s −1 , which are typical values found towards molecular outflows in star-forming regions. Both SiO components with broad line widths show no evident wing emission that could allow us to identify the blueshifted and redshifted lobes. The molecular outflows, if present, could be oriented along the line of sight or the presence of multiple unresolved outflows can also make the identification of wings difficult. In the southern region, the SiO abundance in the peak position is 3.8×10 −9 . This value is typical for regions with molecular outflows (e.g., Jiménez-Serra et al. 2010; Su et al. 2007 ). In the northern region, the SiO abundance is 7.5×10 −10 . This value is at the low end of abundances found in molecular outflows toward IRDCs (e.g., Jiménez-Serra et al. 2010) . Thus, there is evidence supporting the idea that the SiO component with broad line widths is produced by molecular outflows. However, although the SiO emission in the northern region is associated with a weak 1.2 mm peak, the SiO emission in the southern region is not associated with any core/clump at mm emission. As determined by fitting the SED using Herschel observations, the bolometric luminosity encompassing the northern and southern SiO region are ∼300-500 L (A. Guzmán, private communication). Due to the low bolometric luminosities, we rule out that the SiO emission in these regions are being produced by molecular outflows from deeply embedded high-mass star. Based on the values of the line widths, abundances, and luminosities, we suggest that the shocks releasing SiO into the gas phase are produced by molecular outflows of deeply embedded intermediatemass stars or clusters of low-mass stars.
In the center-west region of the IRDC, SiO line widths are significantly lower (∼2 km s −1 ) and comparable to other quiescent gas tracers like HN 13 C, C 2 H, and H 13 CO + . This SiO component with narrow line widths shows no detectable line wing emission. Not only that, the SiO abundance (4.3×10 −11 ) is low and only a factor of 10 more abundant than the upper limits measured in the quiescent gas of molecular dark clouds (RequenaTorres et al. 2007 ). These characteristics suggest that molecular outflows from intermediate-to-high mass stars may not be causing the shocks releasing SiO to the gas phase. The shocks that release this small amount of SiO into the gas phase toward the center-west region are likely generated by low-velocity shocks (Jiménez-Serra et al. 2008 . As discussed below, these shocks may be caused by either the interaction of the subclouds or a few low-mass stars.
The SiO component with narrow line widths is remarkably coincident with the subcloud-subcloud interface (see right pannel in Figure 5 ). As reported by Jiménez-Serra et al. (2010) , velocities slightly larger than 10 km s −1 are required to sputter SiO from the mantles of dust grains in low-velocity C-shocks. However, this velocity threshold is above the measured 3D relative velocity between subclouds (∼2.4 km s −1 assuming 1D velocity of 1.4 km s −1 in each direction). An alternative mechanism for the production of narrow SiO in IRDC G028.23-00.19 would be icy mantle vaporization by grain-grain collisions similar to what has been proposed for the IRDC G035.39-00.33 (Caselli et al. 1997; Henshaw et al. 2013) . As noted by 
these authors, ice mantle mixtures of H2O:CO have significantly smaller binding energies than pure water ices (by a factor of 5; Öberg et al. 2005) , and therefore require smaller vaporization threshold velocities (i.e., 2.2 km s −1 , compared to 6.5 km s −1 for pure water ice; see Tielens et al. 1994) . The narrow SiO emission detected toward the overlapping region between subclouds could thus be produced by the vaporization of icy mantles in grain-grain collisions. Therefore, the narrow SiO emission would not be associated with star formation activity, instead, it would be a signature of a subcloud-subcloud collision. We note, however, that the narrow SiO component arises only from gas at the velocity corresponding to that one of the redshifted subcloud, although this could be a sensitivity effect.
Alternatively, the SiO component with narrow line widths could be also produced by an unresolved population of a few low-mass stars. In this scenario, due to the distance of the IRDC, beam dilution would prevent us from detecting SiO wing emission produced by molecular outflows of the low-mass stars. To inspect this scenario, we scaled the SiO emission of a low-mass starforming region located in NGC 1333 (350 pc) to the distance of the IRDC G028.23-00.19 (5.1 kpc). Using 1.2 mm continuum emission, Lefloch et al. (1998a) observed the complex SVS13 and IRAS4A-B, located in NGC 1333, determining a total mass of 12.6 M for the three low-mass cores. The angular size of the complex SVS13 and IRAS4A-B at the distance of the IRDC is about the same size of the CARMA synthesized beam (∼11 ). Lefloch et al. (1998b) observed the same region in SiO J = 2 → 1. Scaling the SiO emission to the distance of the IRDC, we find that 1.4 times the emission from a low-mass star-forming region like the SVS13 and IRAS4A-B complex could account for the SiO emission with narrow line widths obtained in one CARMA synthesized beam. Thus, the origin of the SiO emission with narrow line widths could be also explained by an unresolved population of a few low-mass stars.
Although higher angular resolution interferometric observations are needed to clearly establish the origin of the SiO emission, the component with broad SiO line widths and high SiO abundances is consistent with molecular outflows from as-of-yet-undetected intermediate-mass stars or clusters of low-mass stars. On the other hand, the component with narrow SiO line widths and low SiO abundances is consistent with both subcloud-subcloud collision or an unresolved population of a few low-mass stars.
CH3OH
Currently, the favored formation path of CH 3 OH is primarily through successive hydrogenation of CO on grain mantles (Watanabe & Kouchi 2002; Fuchs et al. 2009 ). In dark clouds, purely gas-phase reactions produce negligible CH 3 OH abundances ( 10 −14 ; Garrod et al. 2006) . Methanol is predominantly formed on grain surfaces and, then in more evolved regions, it is released into the gas phase mostly by heating from protostars or sputtering of the grain mantles produced by molecular outflows. The study of van der Tak et al. (2000) found three types of CH 3 OH abundances in massive star-forming regions: ∼10 −9 for the coldest sources, between 10 −9 and 10 −7
for warmer sources, and ∼10 −7 for hot cores. Methanol has also been observed in IRDCs that show signs of star formation (e.g., Sakai et al. 2010 Sakai et al. , 2008 Gómez et al. 2011) . Because IRDC G028.23-00.19 has no detection of embedded IR sources that can heat the environment or drive molecular outflows, the detection of CH 3 OH is highly unexpected. This is the first detection of extended methanol emission in a massive starless clump, although it has been previously detected in low-mass starless cores (e.g. in TMC-1 and L134N; Friberg et al. 1988; Dickens et al. 2000) .
As in the case of SiO, CH 3 OH emission also presents two different components with different kinematics and spatial distributions. This suggests that there may be two different mechanisms releasing methanol to the gas phase. The CH 3 OH emission with broad line widths, colocated with the SiO emission with broad line widths, could be produced by molecular outflows. The CH 3 OH emission with narrow line widths, located in the center region of the IRDC (including MM1 and the SiO region with narrow line widths), could be produced by a non-thermal mechanism (e.g., cosmic ray, UV-photons), other than shocks. We discard the notion that thermal evaporation of methanol can occur anywhere in IRDC G028.23-00.19 based on the non-detection of embedded IR sources that could heat the environment. CH 3 OH evaporates at higher temperatures (∼80-100 K, Brown & Bolina 2007; Green et al. 2009 ) than those measured in this IRDC. Although a protostar could exist deeply embedded in the cloud and be undetected in the current IR observations, the methanol emission is widespread and the effective heating area of such a protostar would be too small to account for the spatial extension of the CH 3 OH emission.
In the southern and northern regions of the IRDC, where both CH 3 OH and SiO have broad lines, CH 3 OH line widths are 4 km s −1 . Because the methanol transitions are blended, we cannot fit the lines and use the rotational diagram technique to determine column densities. We conclude that in these regions CH 3 OH column densities and abundances are higher than in MM1 (i.e., greater than 1.1 × 10 14 cm −2 and 2.7 × 10 −9 ) based on the comparison of the integrated intensities and apparently larger optical depths. Large line widths and abundances may indicate that in the southern and northern regions of the IRDC, CH 3 OH has been released to the gas phase by outflow activity as, for example, is occurring in IRDC G11.11-0.12 (Gómez et al. 2011) .
On the other hand, the methanol emission that emanates from the center of the IRDC can not be explained by molecular outflows. The line widths are ∼2 km s −1 , typical of regions without outflow activity. The methanol abundance of 2.7 × 10 −9 is about 1-2 orders of magnitude lower than that observed in massive star-forming regions with molecular outflows and 1 order of magnitude lower than that produced by low velocity shocks (Jiménez-Serra et al. 2005) . From all the non-thermal mechanisms (e.g., cosmic ray, UV-photons) that could explain the observed methanol abundances in the central region of IRDC G028.23-00.19, the exothermicity of surface addition reactions is likely the process that better reproduces the observed abundances. In this mechanism, introduced by Garrod et al. (2006) and further investigated by Garrod et al. (2007) , the chemical energy released from the grain-surface addition reactions is able to break the methanol-surface bound, yielding methanol abundances of 3-4 × 10 −9 , similar to those measured toward the massive, quiescent clump MM1. The high extinction found toward IRDC G028.23-00.19, and the lack of internal heating sources, makes the nonthermal UV photo-desorption of CH 3 OH unlikely. Cosmic ray-induced desorption, a physical mechanism frequently used in dark cloud models (e.g., Hasegawa & Herbst 1993) , cannot reproduce the measured methanol abundances in IRDC G028.23-00.19 either, because the new cosmic ray-induced desorption rate for methanol is negligible (Collings et al. 2004; Garrod et al. 2007) . Therefore, our observations of IRDC G028.23-00.19 show for the first time that the exothermicity of surface addition reactions can also explain the observed methanol abundances of a massive, IR-quiescent clump (see this process included in a chemical network applied to IRDCs in the recent paper of Vasyunina et al., submitted) . Deuterated molecules are highly enhanced in the cold gas of prestellar cores, with respect to the local interstellar D/H value of 2.3 × 10 −5 (Linsky et al. 2006) . Enhancements of the NH 2 D/NH 3 abundance ratio as high as 0.7 (Pillai et al. 2007 ) and 0.8 (Busquet et al. 2010) have been measured in prestellar massive cores. In cold gas, the deuterium enrichment is primarily initiated by the reaction H + 3 + HD ⇐⇒ H 2 D + + H 2 + ∆E, which is exothermic by ∆E/k = 230 K (Millar et al. 1989) . At the typical temperatures of prestellar cores ( 20 K), the reverse reaction becomes negligible and the H 2 D + /H and H 2 D + ) is removed from the gas phase (e.g., Chen et al. 2011; Crapsi et al. 2005) .
Among all the observed molecules in this work, NH 2 D has the narrowest profile with a line width of 1.3 km s −1 at the peak position. The NH 2 D abundance of 1.3 × 10 −9 is high and comparable to the usually more abundant HCO + and HNC, and suggests that the deuterated fraction is high. However, without NH 3 observations we cannot determine the exact value of the deuterated fraction. Because NH 2 D emission is confined to the central part of the clump MM1 (see Figure 3) , this region is probably the coldest and densest part of the IRDC.
C2H
C 2 H has been known to be a PDR tracer (e.g., Fuente et al. 1993 ). However, Beuther et al. (2008) suggest that this molecule could also be used to study the cold gas associated with the initial conditions of high-mass star formation. Sanhueza et al. (2012) detect C 2 H in ∼30% of their sub-sample composed by IR quiescent clumps. They suggest that mapping the C 2 H distribution at high angular resolution may help to clarify if the C 2 H emission comes from the external photodissociated layers of clumps or if the C 2 H emission comes from the dense, cold gas inside IR quiescent clumps.
As can be seen in Figure 3 , the spatial distribution of the C 2 H emission resembles that of NH 2 D. In IRDC G028.23-00.19, the C 2 H emission comes from the central and coldest part of the cloud, and not from the external layers of the IRDC. C 2 H and NH 2 D molecules have their peak emission in the same place and their spatial extensions are similar (although C 2 H extends slightly further out of the clump MM1). Because C 2 H emission is mostly located at the same position as the NH 2 D emission, i.e. the center of MM1, we suggest C 2 H is also tracing dense, cold gas in IRDC G028.23-00.19. are consistent, within the uncertainties, with the values determined by Sanhueza et al. (2012) in IRDC G028.23-00.19 MM1, using 12 K in their calculation. The abundances determined in the MM1 clump are about one order of magnitude lower than the typical values found by Sanhueza et al. (2012) in their sample of ∼30 IR, quiescent clumps (median values of 2.4 × 10 −8 for HCO + and 3.5 × 10 −8 for HNC). They found that HCO + and HNC abundances increase as the clumps evolve, from IR, quiescent clumps to protostellar objects and on to H ii regions. The low abundances measured in our work for the clump MM1 in IRDC G028.23-00.19 suggest that this clump is in a very early stage of evolution.
The relative intensities of the three hyperfine transitions of N 2 H + J = 1 → 0 are 1:3:5, with the brightest line in the center (JF 1 F = 123 → 012). However, toward the peak position of IRDC G028.23-00.19 (see Figure 6 ) and on a large region of the IRDC, the brightest hyperfine line is the one with the lowest relative intensity ratio (JF 1 F = 101 → 012). This peculiar intensity ratio suggests a very high optical depth for N 2 H + . Thus, the N 2 H + abundance of 4.3 × 10 −10 is a lower limit.
The role of the subclouds
Because line widths in IRDCs are narrower than those in molecular clouds with copious star formation, IRDCs are excellent laboratories to study large sub-structures inside molecular clouds, such as subclouds or filaments. Jiménez-Serra et al. (2010) and Devine et al. (2011) also find close velocity components of 2 km s −1 in two different IRDCs. Jiménez-Serra et al. (2010) find three subclouds in IRDC G035.39-00.33 using IRAM single-dish observations of C 18 O. They find a widespread narrow SiO emission in this IRDC that could have been produced by the interaction of the subclouds. In another IRDC, G019.30+00.07, Devine et al. (2011) find three subclouds using VLA observations of NH 3 and CCS. They find that NH 3 and CCS trace different part of the subclouds: NH 3 peaks in the densest regions and CCS peaks in the subcloud-subcloud and outflow-subcloud interfaces. They suggest that in these boundary regions the gas is chemically young due to collisions that release molecules from dust grains to the gas phase, leading to the presence of early time molecules like CCS.
We find that two subclouds form IRDC G028.23-00.19. Notably, the narrow SiO component is located in the region where both subclouds overlap. Assuming that this SiO emission is produced by the collision of the subclouds, this work adds new evidence in favor of the idea that the subclouds or filaments recently found in IRDCs are interacting and are part of the same cloud, and not just a superposition of clouds along the line of sight. Thus, it is not simply a coincidence that IRDCs frequently show no evident signs of active star formation, IRDCs may be in a very early stage in which the clouds are still being assembled.
4.7. The "prestellar" nature of IRDC G028.23-00.19 Except for the bright unrelated OH/IR star superimposed against the northern part of the cloud (Bowers & Knapp 1989) , IRDC G028.23-00.19 is IR dark from 3.6 to 70 µm. The absence of embedded IR sources suggest that the whole IRDC is in an early stage of evolution, without signs of active star formation. However, our CARMA observations show broad SiO and CH 3 OH emission in the northern and southern regions of the IRDC that may indicate molecular outflow activity and, consequently, current star formation. In addition, one of the possible explanations for the narrow SiO component in the center-west part of the IRDC is that the SiO emission is produced for an unresolved population of low-mass stars.
On the other hand, the central clump MM1 is quiescent. It is cold (12 K) and lacks IR sources, cm continuum and SiO emission are not detected, molecular line widths are narrow ( 2 km s −1 ), and the NH 2 D abundance is high. The combination of all these characteristics of MM1 indicates that this clump is still in a prestellar stage. Although regions in the same IRDC may show indirect signs of star formation, all the observations are consistent with the massive clump MM1 being a pristine starless clump. To determine whether MM1 will form stars in the future, we compare the dust mass (M dust ) with the virial mass (M vir ). In Section 4.1 we estimated a M dust of 1520 M , using the 1.2 mm dust continuum emission. To determine the virial mass, we follow the prescription of MacLaren et al. (1988) . The virial mass of a clump with an uniform density profile, neglecting magnetic fields and external forces, is given by M vir = 210 R ∆V 2 M , where R is the radius of the clump in pc and ∆V is the line width in km s −1 . Adopting the same size used to obtain M dust , a radius of 0.6 pc, and an average line width for MM1 of 1.9 km s −1 (from Table 2 ), we obtain a virial mass of ∼450 M . Therefore, the virial parameter, α = M vir /M dust , is 0.3, indicating that the clump MM1 is gravitationally bound and eventually, due to its large mass, will form stars. To further investigate if the clump MM1 will form high-mass stars, we use the results from Kauffmann & Pillai (2010) . They find an empirical massive star formation threshold, based on clouds with and without high-mass star formation. They suggest that IRDCs with masses larger than the mass limit given by m lim = 870 M (r/pc) 1.33 are forming high-mass stars or will form in the future. Applying this relationship to MM1, its corresponding mass limit is 440 M . Thus, "the compactness" (M dust /m lim ) of MM1 is 3.5 and it is highly likely that the clump will form high-mass stars in the future.
Our observation that other regions in the IRDC, but not MM1, may be forming stars raises a number of questions. Why would star formation not start first in MM1? If we observe at higher angular resolution and sensitivity, would we be able to resolve and associate cores or protostars with the SiO emission? How does the scenario observed in IRDC G028.23-00.19 fit into current models of high-mass star formation? Such questions may be possibly answered with observations at higher angular resolution and better sensitivity.
CONCLUSIONS
We have observed the IRDC G028.23-00.19 in several molecular species (NH 2 D, H 13 CO + , SiO, HN 13 C, C 2 H, HCO + , HNC, N 2 H + , and CH 3 OH) and continuum emission at 3.3 mm using CARMA (11 angular resolution). This IRDC is dark at Spitzer 3.6, 4.5, 8.0, and 24 µm and Herschel 70 µm. In its center, the IRDC hosts one of the most massive IR, quiescent clumps known (MM1). We have examined the spectral line observations and draw the following conclusions:
1. Using the emission detected at 250, 350, and 500 µm with Herschel, and the 1.2 mm emission from IRAM 30 m, we updated the mass (1520 M ) and the dust temperature (12 K) of the central clump in IRDC G028.23-00.19.
2. The low temperature, high NH 2 D abundance, low HCO + and HNC abundances, non-detection of SiO, narrow line widths, and absence of embedded IR sources in MM1 indicate that the clump still remains in a prestellar phase.
3. Strong SiO components with broad line widths are detected in the northern and southern regions of the IRDC. The large line widths (6-9 km s −1 ) and high abundances (0.8-3.8 × 10 −9 ) of SiO suggest that the mechanism releasing SiO from the dust grains into the gas phase could be molecular outflows from undetected intermediate-mass stars or clusters of low-mass stars deeply embedded in the IRDC. However, in the southern region where the SiO abundance peaks, there is no associated counterpart in the continuum. 4. A weaker SiO component is detected in the centerwest part of the IRDC. The narrow line widths (∼2 km s −1 ) and low SiO abundances (4.3 × 10 −11 ) are con-sistent with either a "subcloud-subcloud" interaction or an unresolved population of a few low-mass stars. Higher angular resolution observations are needed to clearly establish the origin of the narrow SiO emission. 5. We report unexpected widespread CH 3 OH emission throughout the whole IRDC and the first detection of extended methanol emission in a massive prestellar clump. Because IR observations show no primary protostar embedded in the IRDC, we reject thermal evaporation of methanol from dust mantles as the production mechanism. CH 3 OH emission with broad line widths support the idea of molecular outflows in the southern and northern regions of the IRDC. The CH 3 OH emission at the position of MM1 is rather narrow. We suggest that the most likely mechanism able to release methanol from the dust grains to the gas phase in such a cold region is the exothermicity of surface reactions (Garrod et al. 2006 (Garrod et al. , 2007 . 6. C 2 H has been suggested to be a PDR tracer. However, recent evidence suggests it could also trace cold, dense gas associated with earlier stages of star formation. Because the spatial distribution of C 2 H emission resembles that of NH 2 D, we suggest C 2 H traces cold, dense gas in this IRDC.
7. HN 13 C reveals that the IRDC is composed of two substructures ("subclouds") separated by 1.4 km s −1 . Remarkably, the subclouds overlap in the center-west region of the IRDC, exactly coincident with the narrow SiO component. One explanation for the narrow SiO component is that both subclouds may be interacting and producing low velocity shocks that release small amounts of SiO to the gas phase. We speculate that IRDCs may be young molecular clouds that could still be in a stage where they are being assembled.
8. In the densest part of the IRDC, the MM1 clump shows no signs of star formation. Notably, in other regions of the IRDC it appers that star formation activity may be occurring. Why star formation would begin in less dense regions and how the findings on IRDC G028.23-00.19 fit into current models of high-mass star formation are open questions that will be addressed in future investigations.
